| INTRODUC TI ON
There is a specific niche, where neural stem cells (NSCs) or neural progenitor cells are maintained in the periventricular regions of the central nervous system. The subventricular zone (SVZ) of the lateral ventricle exhibits a specialized cytoarchitecture and serves the NSC niche, where NSCs can proliferate to continuously produce new neurons throughout the life (Doetsch, Caille, Lim, Garcia-Verdugo, & Alvarez-Buylla, 1999; Lois & Alvarez-Buylla, 1993) . Ependymal cells facing the surface of the lateral ventricle are critical for the maintenance of the potential of self-renewal and neurogenesis of NSCs, where ependymal cells attenuate bone morphogenetic protein (BMP) signaling in NSCs: (a) ependymal cells express Noggin, an antagonist of BMP, to block BMP signaling in NSCs to promote neurogenesis (Lim et al., 2000) ; and (b) they also express low-density lipoprotein-related protein 2, which works as a clearance receptor for BMP4, to maintain the self-renewal of NSCs (Gajera et al., 2010) .
In addition, the conversion of niche cells such as NSC-astrocytes and ependymal cells has been reported, where the plasticity of niche cells is regulated by EphB/ephrin-B signaling (Nomura, Goritz, Catchpole, Henkemeyer, & Frisen, 2010) . Thus, ependymal cells contribute to the maintenance and plasticity of neural progenitor cell population in the SVZ of the lateral ventricle.
A specialized cytoarchitecture, where proliferating cells are also maintained, is also observed around the central canal of the adult spinal cord, namely "the ependymal layer" (Alfaro-Cervello, Soriano-Navarro, Mirzadeh, Alvarez-Buylla, & Garcia-Verdugo, 2012; Hamilton, Truong, Bednarczyk, Aumont, & Fernandes, 2009; Horner et al., 2000; Sabourin et al., 2009) . Different from NSCs in the SVZ of the lateral ventricle, the proliferation potential of cells in the ependymal layer is reported to be highly limited compared with that of cells in the spinal cord parenchyma such as oligodendrocyte precursor cells (Horner et al., 2000) . Besides, these cells do not produce new neurons and other cell types in the intact condition (Alfaro-Cervello et al., 2012; Barnabé-Heider et al., 2010; Johansson et al., 1999) . Thus, the progenitor potential of cells in the ependymal layer of the spinal cord has been considered quite different from NSCs in the SVZ of the lateral ventricle.
On the other hand, it has been known that cells in the ependymal layer of the spinal cord exhibit the massive mitotic activity after spinal cord injury (SCI) and can produce several types of glial cells (Barnabé-Heider et al., 2010; Johansson et al., 1999; Li et al., 2016; Meletis et al., 2008; Mothe & Tator, 2005) . In this study, we applied the intensive 5-bromo-2′-deoxyuridine (BrdU) administration method (see section 2) and analyzed the motility of cells in the ependymal layer. We also labeled SCEp cells by the intraventricular injection of a fluorescent lipophilic dye and adenovirus to approach the motility and differentiation of SCEp cells in the intact condition. Furthermore, we introduced a constitutively active form of Notch gene and Sox2 into SCEp cells to observe the phenotypes, which were reported in the past studies using NSCs as a target of gene introduction. Our findings provide a novel insight regarding the similarity in intracellular signaling of SCEp cells to that observed in NSCs.
| MATERIAL S AND ME THODS

| Animals
Adult (8-week-old) male Wistar rats (Japan SLC, Hamamatsu, Japan) were used in this study. Experiments were all strictly reviewed and approved by the Institutional Animal Care and Safety Committee of the Tohoku University Environmental & Safety Committee (Approved   protocol  numbers : 2008MedAnim-75, 2009MedAnim-265, 2010MedAnim-313, 2011MedAnim-230, 2012MedAnim-291, 2013MedAnim-297, 2015MedAnim-063, 2016MedAnim-165, 2017MedAnim-135, 2018MedAnim-101) . Animals were all maintained under 12-hr light/dark conditions and were able to freely access water and food. Animal room temperature was kept at 22 ± 2°C.
| Intensive BrdU administration method
BrdU was dissolved in 0.0007 N sodium hydroxide and 0.9% sodium chloride. Rats were anesthetized by the inhalation of isoflurane (Wako Pure Chemicals, Osaka, Japan), and a 50 mg/kg BrdU solution was intraperitoneally administered. To visualize the slowly dividing cells in the ependymal layer, we applied the intensive BrdU administration method Nakatomi et al., 2002; Rietze, Poulin, & Weiss, 2000) . In brief, the rats received frequent injections of 50 mg/kg BrdU every 2 hr for 48 hr (totally 24 injections) and were killed 2 hr (0 day), 26 hr (1 day), and 50 hr (2 day) after the last injection of BrdU solution.
| Tissue preparation
For tissue dissection, rats were anesthetized deeply by the inhalation of isoflurane, and the fixatives consisting of 4% (w/v) paraformaldehyde (Merck, Darmstadt, Germany) in 0.1 M phosphate buffer were perfused through the heart. The spinal cords were dissected and soaked into the same fixatives for postfixation for 4 hr. For cryoprotection, the spinal cord tissues were sequentially soaked in solutions containing increasing concentrations of sucrose and embedded in optimal cutting temperature compound (Tissue-Tek, Sakura Finetek, Tokyo, Japan). Ten-micrometer-thick sections were cut with a cryostat for histological analyses.
| Immunohistochemistry
Immunohistochemistry was performed according to the protocol described in elsewhere . In brief, cryosections were incubated with 20%
BlockAce (DS Pharma Biomedical, Osaka, Japan), 5% bovine serum albumin (BSA) (Nacalai Tesque, Kyoto, Japan), 0.01% saponin, and 0.02 M phosphate-buffered saline (PBS) for 30 min. They were then incubated overnight at 4°C with primary antibodies in 5%
BlockAce, 1% BSA, 0.01% saponin, and 0.02 M PBS. The sections were incubated overnight at 4°C with the corresponding secondary antibodies. Signals of immunostaining were visualized using a confocal laser-scanning microscope (Radiance 2000 Confocal Laser Scanning System, Bio-Rad). The three-dimensional stack images from several single plane confocal images were also constructed by the software attached with this system. The primary antibodies used in this study were as follows: anti-BrdU rat mono- (1:500). Secondary antibodies were all purchased from Thermo Fischer Scientific (Carlsbad, CA, USA). Nuclei were visualized by 4′,6-diamidino-2-phenylindole (Sigma-Aldrich).
| Intraventricular injection
A fluorescent dye, 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocar bocyanine Perchlorate (DiI), was injected into the fourth ventricle through the cerebellum (Bai et al., 2003; Suzuki, Dezawa, & Kitada, 2017) . In brief, rats were anesthetized by inhalation of isoflurane for the operation. Ten microliters of 0.2% (w/v) DiI solution was stereotaxically injected into the cerebellum 11.6 mm posterior and 6.0 mm ventral relative to the bregma of the rats. Rats were killed for histological analyses 2 days and one week after DiI injection. After the DiI injection, animals were kept warm on a thermal-heated bedding system with sedation for recovery.
| Adenovirus construction and administration
Adenovirus plasmid vectors were constructed with the Gateway system (Invitrogen, Thermo Fischer Scientific). The coding sequence of enhanced GFP (EGFP) was amplified from pEGFP-C1 vector (Clontech, Takara-Bio, Kusatsu, Japan) using the primer sets: 5′-GCTGAATTCG CCACCATGGTGAGCAAGGGCGAGGA-3′ and 5′-CAGTCTAGATTA TCTAGATCCGGTGGATC-3′, digested with EcoRI and XbaI and subcloned into pENTR1 vector (Invitrogen) to obtain pENTR-EGFP. The sequence of mouse Notch intracellular domain (NICD) cDNA included a sequence encoding the entire intracellular domain with a small fragment of extracellular domain and a transmembrane region ), which has already been subcloned into pCI-neo vector (Dezawa et al., 2004) , was digested with EcoRI and XbaI and further subcloned into the same restriction enzyme sites of pENTR1 vector to yield pENTR-mNICD. The coding sequence of rat Sox2 was amplified from the embryonic rat brain cDNA library using the primer set:
5′-GCTGAATTCGCCACCATGTATAACATGATGGAGAC-3′ and 5′-CA GTCTAGATCACATGTGCGACAGGGGCA-3′, digested with EcoRI, and XbaI and subcloned into pENTR1 vector to obtain pENTR-ratSox2.
The adenovirus vectors pAd-EGFP, pAd-mNICD, and pAd-ratSox2
were obtained by an LR reaction performed with pAd/CMV/V5-DEST vector and corresponding pENTR vectors and were used to produce crude lysates of adenovirus after transfection to HEK293A cells (Invitrogen). Viral solutions were obtained after the amplification by sequential infection to HEK293A cells and purified by centrifugation of cesium chloride density gradient. Titer of three adenovirus solutions was between 8.0 × 10 11 and 2.4 × 10 12 PFU/ml. Ten microliters of adenovirus solution was stereotaxically injected into the fourth ventricle under the protocol as already mentioned in the section 2.5, and the final titer was 1.0 × 10 10 PFU/ml. Animals receiving adenovirus encoding EGFP were killed 2 days and one week after adenovirus administration, and those receiving adenovirus encoding mouse NICD and rat Sox2 were killed one week after adenovirus administration.
| Statistical analysis
The Table 2 , suggesting the transition of two neighboring BrdU-incorporated subcategorized to Pin and Psgl types at 0 day to Pout type at 2 day after the last BrdU administration.
These data collectively suggest that the BrdU-incorporated proliferating/proliferated cells tend to move to the outer side inside the ependymal layer after cell division.
| Cells in the most outer side inside the ependymal layer
Because cells in the ependymal layer are facing the central canal of the spinal cord, these cells can be labeled by a fluorescent lipophilic cationic indocarbocyanine dye such as DiI (Danilov et al., 2006; Johansson et al., 1999; Mothe & Tator, 2005) . We injected DiI solution into the fourth ventricle of rats to label the cells in the epend- SCEp cells express a common receptor for coxsackie B viruses and adenoviruses 2 and 5 (Akli et al., 1993; Bajocchi, Feldman, Crystal, & Mastrangeli, 1993; Davidson & Bohn, 1997; Doetsch et al., 1999; Johansson et al., 1999; Nomura et al., 2010) (Figure 5a, b) . Besides, we found that the majority of Ki67-positive cells (68.9 ± 11.7% in Ki67-positive cells in the ependymal layer) expressed vimentin (Figure 5a ). The Ki67-positive parenchymal cells were sometimes found to express vimentin also, but the expression level was weak and immunoreactivity against vimentin was atypically localized to the cytoplasmusually vimentin is localized to the cellular processes and cytoplasm in a fibrous manner in SCEp cells (Figure 3) , even after the introduction of lacZ gene (Supporting Information Figure   S2a ). Double immunostaining for Ki67 and GFAP showed that, regardless of the expression level, many cells in the ependymal layer expressed GFAP (Figure 5b 
| SCEp cell proliferation is controlled by Sox2
SECp cells express NSC-or neural progenitor cell markers such as Sox2 (Alfaro-Cervello et al., 2012; Meletis et al., 2008) , which is a HMG box transcription factor critical for the maintenance of NSCs, where continuous expression of Sox2 is required for self-renewal of NSCs (Graham, Khudyakov, Ellis, & Pevny, 2003) . A recent study has demonstrated that Sox2 is a direct target of Notch/RBP-Jkappa signaling, which regulates the maintenance of adult hippocampal NSCs (Ehm et al., 2010) . We speculate that sustained expression of Sox2 (Figure 2d , e, and Supporting Information Figure S2a ).
SCEp cells express NSC-or neural progenitor cell markers as mentioned above, and we further characterized the expression of NSC markers in SCEp cells (Figure 6c ). Adult SCEp cells normally express NSC markers such as nestin , an intermediate filament protein that is expressed in NSCs in the adult brain (Morshead et al., 1994) . SCEp cells locating a dorsal part of the ependymal layer of the adult rodent spinal cord are also known to express another NSC marker Pax6 (Yu, Mcglynn, & Matise, 2013) , which is a transcription factor that is critical for the maintenance of adult NSCs (Curto et al., 2014) . 
| D ISCUSS I ON
| Proliferation of SCEp cells
Although SCEp cells are known to have the proliferation potential that is quite remarkable after SCI (Barnabé-Heider et al., 2010; Lacroix et al., 2014; Meletis et al., 2008; Xu et al., 2006) , it has been considered restricted to a low level in the intact condition (AlfaroCervello et al., 2012; Hamilton et al., 2009; Horner et al., 2000) . Our present study showed that there is at least one cell division of SCEp What is the cell division manner of SCEp cells? In the present study, we found that more than one-third of two neighboring
BrdU-positive cells in the ependymal layer were parallelly oriented and about one-sixth were radially oriented just 2 hr after the last BrdU administration (Table 1) . In most cases, these BrdU-positive cells expressed vimentin but not GFAP (Figure 3a and Supporting Information Figure S1a (c2)), indicating the retention of NSC-related markers after Sox2 gene introduction. Enhancement of NSC-related antigens was indicated (arrow). Nuclei were also shown by 4′,6-diamidino-2-phenylindole (DAPI) (blue in (a-c) and B&W image in (c3)). Scale bar is 50 μm
cord. In one case we observed two neighboring BrdU-positive proliferating cells in the ependymal layer 2 hr after the last BrdU administration, which were in the M phase of the cell cycle and were categorized to P type, implying symmetric division (data not shown).
Collectively, cell division manner of SCEp cells in the intact condition is mainly symmetric cell division to produce two "ordinary" SCEp cells, as was suggested by past studies (Hamilton et al., 2009; Meletis et al., 2008) . A most recent study has noticed a possibility that differentiation potential of SCEp cells has been overestimated because most studies used human FoxJ1 promoter to trace the cell fate of SCEp cells in mouse. When knock-in mouse targeted to the mouse FoxJ1 locus was used, the differentiation potential of SCEp cells was shown to be extremely limited (Ren et al., 2017) . Indeed, human GFAP promoter enables more broader expression, where GFAP-negative neural progenitor cells express the reporter gene in addition to GFAP-positive mature astrocytes (Andrae et al., 2001; Casper & Mccarthy, 2006; Malatesta, Hartfuss, & Gotz, 2000; Malatesta et al., 2003) . This discrepancy may be attributable to the differences between species regarding the cytoarchitecture of progenitor cell niche or the function of NSCs or neural progenitor cells (Alfaro-Cervello et al., 2012 Chandran et al., 2004; Garcia-Ovejero et al., 2015; Hamilton et al., 2009; Saker et al., 2016) . Even in the very rare case, we observed the data suggesting astrocyte differentiation of a SCEp cell in the intact condition (Figure 3b and Supporting Information Figure   S1b ), but other studies concluded that it is unlikely. We used rats for the analysis, but other studies used genetically modified mice. It is considered that species differences might make an impact on the results. Greater attention to species differences should be paid in further studies for elucidating the differentiation potential of SCEp cells.
| Differentiation potential of SCEp cells
| Migration activity of SCEp cells
Although there is no report presenting the migration activity of (Aujla, Bora, Monahan, Sweedler, & Raetzman, 2011; Ciria et al., 2017; Del Bene, Wehman, Link, & Baier, 2008; Liu et al., 2013; Six et al., 2004; Xie et al., 2013; Zhang et al., 2017) . 
| Similarity of intracellular signaling between SCEp cells and NSCs
We showed the data that Notch signaling in SCEp cells is critical for the regulation of proliferation and differentiation into astrocytes in the present study. Because Notch1 is upregulated in SCEp cells after SCI (Nakamura & Bregman, 2001; Yamamoto, Nagao, et al., 2001) , it is speculated that Notch signaling plays an important role in proliferation of SCEp cells. Also, Notch signaling is reported to regulate the cell fate of forebrain ependymal cells in a certain pathological condition such as stroke (Carlén et al., 2009) . Therefore, it is reasonable to consider that Notch signaling is crucial in cell fate control of SCEp cells after injury. However, the studies focusing on intracellular signaling of SCEp cells in the intact condition are quite limited. As mentioned, Notch is known to be important in the maintenance of stemness and cell fate regulation of NSCs in the normal condition (Chambers et al., 2001; Chojnacki et al., 2003; Hitoshi et al., 2002; Nagao et al., 2007; Tanigaki et al., 2001 ). Sox2, a direct target of Notch signaling (Ehm et al., 2010) , is critical for the self-renewal of NSCs also in the normal condition (Graham et al., 2003) . Considering the fact that SCEp cells express both factors in the intact condition (Alfaro-Cervello et al., 2012; Johansson et al., 1999; Meletis et al., 2008; Yamamoto, Nagao, et al., 2001) 
| Application of SCEp cells to regenerative medicine-learn from fishes and amphibians
Because ependymal cells locate on the surface of the ventricular system, they have been considered a target of gene therapy, by which ependymal cells are able to secrete the exogenous gene product (Martino, Furlan, Comi, & Adorini, 2001; Suzuki et al., 2017) . In this study, we used adenovirus for exogenous gene in- (Dindot, Piccolo, Grove, Palmer, & Brunetti-Pierri, 2011; Yamazaki, Hirai, Miyake, & Shimada, 2014) . Intrathecal delivery of drugs such as growth factors is also known to be effective for the manipulation of SCEp cells (Kojima & Tator, 2000) . On the other hand, lower vertebrates such as fishes and amphibians can spontaneously regenerate cytoarchitecture of the spinal cord after injury, where SCEp cells play crucial roles for tissue repair including cell proliferation, epithelial-mesenchymal transition for passing through the boundary between the ependymal layer and spinal cord parenchyma, providing the scaffold for regenerating axons to bridge the proximal and distal ends of the injury site, and cell differentiation into parenchymal cells such as neurons (Chernoff, Stocum, Nye, & Cameron, 2003; Ferretti, Zhang, & O'neill, 2003) . In mammals, SCEp cells can proliferate, migrate out to the spinal cord parenchyma, and differentiate into other cell types mainly astrocytes but not into neurons after injury. The function of astrocytes newly produced in the injury site is controversial (Okada et al., 2006) ; however, 
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